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SUMMARY
1. Currents through voltage-activated Ca2+ channels in rat dorsal root ganglion
(DRG) x mouse neuroblastoma hybrid (F-Il) cells were studied using the whole-cell
patch clamp technique with 30 mM-Ba2+ as charge carrier. Two components of the
inward Ba2+ current were distinguished on the basis of voltage dependence and time
course. Each component could be further subdivided based on pharmacology.
2. A transient inward current activated at test potentials positive to -40 mV,
peaked within 20 ms and then decayed during a 200 ms depolarization. The peak
amplitude of the transient current occurred between -10 and + 10 mV. With a
300 ms conditioning pulse, half-inactivation of the transient current occurred at
-30 mV. A sustained inward current activated at test potentials positive to -30 mV
and reached a maximum at + 20 to + 30 mV. The sustained current showed little
voltage-dependent inactivation over 200 ms. The amplitudes of both the transient
and sustained currents were increased by perfusing with Ba2+ instead of Ca2+.
3. Most F-II cells had both the transient and sustained Ba2+ currents although the
relative amount of the two currents varied with culture conditions. The transient
current was more prominent in cells fed with a 'growth' medium (15-20% serum)
whereas the sustained current was increased in cells fed with a 'differentiation'
medium (1 % serum plus growth factors). F-Il cells can be used to study transient
current in relative isolation from sustained Ca2+ current under certain culture
conditions. The neuroblastoma parent of the F-I1 cell line, N18TG-2 cells, exhibited
little or no voltage-dependent Ba2+ current.
4. Brief application of w-conotoxin fraction GVIA (10 ,llM) produced a long-lasting
block of 81 % of the sustained current and 27% of the transient current.
5. The transient and sustained Ba2+ currents in F-Il cells were reversibly blocked
by brief exposure to Cd2+ or Ni2+. Block of the sustained current was evident with
100 nM-Cd2+ whereas the threshold concentration for Ni2+ block was 1 ftM. Cd2+ and
Ni2+ were equipotent blockers of the transient current. Dose-response curves for
Cd2+ and Ni2+ block of both sustained and transient currents had shallow slopes
suggesting that the block was more complex than a simple bimolecular interaction
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between blocker and one blocking site. Dose-response curves were fitted by a model
that included two binding sites for each divalent blocker.
6. The dihydropyridine Ca21 channel agonists Bay K 8644 and (+)-(S)-202-791
enhanced the sustained, but not the transient Ba2+ current in F-II cells. The
dihydropyridine antagonist nimodipine preferentially blocked the sustained Ba2+
current in a voltage-dependent manner. At a holding potential of -80 mV, the IC50
for block of the sustained current was about 2 JtM. At -40 mV, a holding potential
at which 35% of the sustained current was inactivated, the IC50 for nimodipine block
was about 3 nm. At -80 mV, nimodipine was not an effective blocker of the transient
current. However, at a holding potential of -40 mV, which inactivated about 70%
of the transient current, nimodipine blocked a fraction of the transient current with
an IC50 of about 300 nm.
7. The time courses of decay of the transient and sustained Ba2+ currents were not
affected by any of the blockers studied. Also, the currents that remained after block
by w-conotoxin, Cd2+, Ni2+ or nimodipine were not different in time course or
thresholds and ranges of activation, indicating that these blockers did not reveal
additional kinetic components of the transient and sustained currents.
8. The sustained Ba2+ current in F-11 cells has many of the properties of the
L-type current described in DRG neurones. The sustained current had at least two
components based on sensitivity to block by wo-conotoxin, Cd2+ and Ni2+. The
transient Ba2+ current in F- II cells has many of the properties of the N-type current
described in DRG neurones but also has multiple components based on sensitivity to
wo-conotoxin, Cd2+ and Ni2+. The multiple components of both transient and
sustained currents, which were not distinguishable by activation or inactivation
properties, point to a rich diversity of Ca2+ channels.
INTRODUCTION
Voltage-activated calcium channels have been implicated in a number of important
neuronal functions, including secretion of neurotransmitters and hormones (Perney,
Hirning, Leeman & Miller, 1986; Rane, Holz & Dunlap, 1987; Hirning, Fox,
McCleskey, Olivera, Thayer, Miller & Tsien, 1988; Holz, Dunlap & Kream, 1988),
generation of epileptiform discharges (Wong & Prince, 1978) and activation of
intracellular enzymes (Nishizuka, 1984). Ca2+ influx through voltage-activated Ca2+
channels might also contribute to neurodegeneration associated with ischaemia
(Choi, 1988). For these reasons, considerable attention has been given to defining the
criteria for separating different types of Ca2+ channel and for attributing specific
functions to the different channels. Although there is general agreement about some
properties of Ca2+ channels, it has become clear that more detailed information is
needed due to an apparent wide diversity in different cell types. In particular, there
is little quantitative information on the pharmacological sensitivity of the
components of the whole-cell current through Ca2+ channels in any cell type. Ca2+
channel blockers may be useful for distinguishing channel types that are not easily
separated on the basis of kinetic properties and may, therefore, be useful in studying
the relative contributions of each channel type to specific functions.
Cultured dorsal root ganglion (DRG) neurones have been used to study voltage-
activated Ca2+ channels. Single-channel studies have identified three Ca2+ channel
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conductance levels (Nowycky, Fox & Tsien, 1985; Fox, Nowycky & Tsien, 1987 a;
Kostyuk, Shuba & Savehenko, 1988) and whole-cell recordings have described two
or three components of the whole-cell Ca2+ or Ba2+ current (Bossu, Feltz & Thomann,
1985; Fedulova, Kostyuk & Veselovsky, 1985; Nowycky et al. 1985; Fox, Nowycky
& Tsien, 1987b; Gross & MacDonald, 1987; Swandulla & Armstrong, 1988). In this
paper, we describe the properties of the whole-cell current through voltage-activated
Ca2+ channels in a DRG cell line, F-Il (Platika, Boulos, Baizer & Fishman, 1985). F-Il
cells express a number of physiological and immunological characteristics of DRG
neurones (Francel, Harris, Smith, Fishman, Dawson & Miller, 1987a; Francel, Miller
& Dawson, 1987b; Boland & Dingledine, 1990). F-II cells were also reported to have
nimodipine-sensitive uptake of 45Ca (Francel et al. 1987a) suggesting the presence of
L-type Ca2+ channels, but electrophysiological studies of Ca2+ currents in these cells
have not been reported.
We present evidence that the sustained Ba2+ current in F-II cells has properties
similar to the L-type current that has been described in sensory neurones, but has at
least two components, based on sensitivity to o-conotoxin, Cd2+ and Ni2+. We also
present pharmacological evidence for the existence of multiple types of transient
current in F- Il cells. The pharmacologically identified subcomponents of both
transient and sustained currents could not be separated by activation thresholds or
inactivation parameters. These results suggest that the main types of neuronal Ca2+
channel can be further subdivided by pharmacological criteria. A preliminary report




Stock cultures of F- Il cells (mouse neuroblastoma NI 8TG-2 x rat DRG) were grown in 25 cm2
tissue culture flasks in a 'growth medium' consisting of Ham's F-12 (GIBCO, Grand Island, NY,
USA) supplemented with 10 mM-glucose, 12 mM-sodium bicarbonate, 15 or 20% fetal calf serum
(FCS; Hazelton, Lanexa, KA, USA) and 100 uM-hypoxanthine, 04,uM-aminopterin and 16 UM-
thymidine (HAT; Flow Laboratories, McLean, VA, USA). Cells were maintained in a humidified
atmosphere of 5% CO2, 95% air, at 37 °C and fed every other day. Flasks were seeded at a density
of 2-8-3 6 x 103 cells/cm2, grown until nearly corifluent (7-8 days), and then passed at a 1:10
dilution. Frozen stocks of early passage F-I 1 cells received from Mark Fishman (Harvard) were
kept in liquid nitrogen and were designated passage 1. Experiments were performed on F-II cells
(passage 2-24) that were plated onto uncoated glass cover-slips. These cells were fed every other
day with either growth medium or a 'differentiation medium' consisting of Ham's F-12 with 1%
FCS, HAT, 0 5 mM-dibutyryl cyclic AMP, 10 ,eM-3-isobutyl- 1-methylxanthine and 50 ng/ml mouse
salivary gland nerve growth factor (2-5 S). In some experiments, the differentiation medium also
contained 2,uM-retinoic acid, 5,ag/ml bovine insulin and 10,ug/ml human transferrin. For F-11
cells fed with differentiation medium, the best recording conditions were obtained 1-3 days after
plating. After this time, many F-II cells grew long, branching processes that prevented adequate
space clamp. Mouse Ni 8TG-2 neuroblastoma cells (passage 16-20; gift of Marshall Nirenberg) were
fed with Eagle's minimal essential medium (EMEM) plus 10% FCS and were cultured on glass
cover-slips for electrophysiology, as described above.
Voltage clamp
Macroscopic current through voltage-activated Ca2+ channels was recorded using the whole-cell
configuration of the patch-clamp technique (Hamill, Marty, Neher, Sakmann & Sigworth, 1981).
Patch pipettes were made from borosilicate glass tubing (N51A; Drummond Scientific, Broomall,
8 PHY 420
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PA. USA), the shanks were coated with Sylgard, and the tips were lightly fire-polished. The
electrodes had resistances of 1-4 MQ when filled with internal solution. After rupture of a gigaseal
by applying suction to the pipette, diffusion of ions between the pipette and cell interior occurred
quickly as judged by the disappearance of voltage-dependent outward currents within 1 min after
establishing the whole-cell configuration. The amplitude of the total Ba2+ current often increased
during the first 10 min of whole-cell clamp. It is not known whether this is due to continued
diffusion of Cs' (or BAPTA) into the cell or a metabolic change in the Ca2+ channels. An Axopatch
electrometer with a 05 GQ headstage was used (Axon Instruments, Burlingame, CA, USA).
Voltage pulses were 200 ms in duration and were applied every 3-5 s. Membrane currents were
filtered at 1 kHz using an 8-pole low-pass Bessel filter (Frequency Devices, Haverhill, MA. USA)
sampled at > 2 kHz, and stored on a chart recorder and an IBM AT computer. Signals filtered at
20 kHz were stored on a video tape-recorder. Analysis was performed using in-house programs
written in Basic. We accepted only those experiments in which input resistance was at least
1-5 GQ so that leakage current elicited by hyperpolarizing voltage steps was very small. Leakage
current was always measured before, during, and after each drug application and current records
were then corrected for leakage, assuming a linear current-voltage relationship. Ba2+ and Ca2+
currents were recorded with measured series resistance ranging from 3 to 15 MQ (typical resistances
< 10 MQ) which produced a voltage error of 0-3-1-5 mV for each 100 pA of current. Each point on
the current-voltage curves was corrected for the estimated voltage error induced by the series
resistance. The low density of Ca2+ channels on F- lI cells is advantageous for whole-cell recordings
due to the low voltage error induced by series resistance. Cells were observed at a magnification of
400 x using Hoffman modulation contrast optics on a Nikon inverted microscope. Cells selected for
study were isolated from other cells, had a roughly spherical cell body 10-30 ,um in diameter and
did not have processes that were longer than the cell diameter. Short growth cones or filopodia were
sometimes present, but we avoided choosing either large cells, or cells with processes in order to
minimize space clamp problems. If there was any sign of inadequate space clamp or if the
calculated voltage error grew larger than 5 mV, the experiment was ended.
Recording solution
All salts were of the highest purity available and were purchased from either Alfa (Danvers, MA,
USA) or Aldrich (Milwaukee, WI, USA). For the isolation of inward Ca2+ and Ba2+ currents it was
necessary to block outward K+ and inward Na+ currents. Outward K+ channel current was
eliminated by the combination of external and internal Cs+ and tetraethylammonium (TEA).
Inward Na+ current was eliminated by either omitting Na+ and/or including 0 5-1 /uM-tetrodotoxin
(TTX) in the external solution. All voltage-dependent Na+ current in F-Il cells was blocked by 0 5
/LM-TTX (n = 13). Voltage-dependent Na+ current, however, was not prominent in F- Il cells grown
under these conditions. The internal solution contained (in mM): 120, caesium glutamate; 40,
HEPES; 20, TEA chloride; 5, 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
(BAPTA); 1, magnesium chloride; 0-5, calcium chloride; pH 7-3-7 35 with CsOH. The free Ca2+
concentration was calculated to be less than 15 nm. In some experiments, nucleotides and a
phosphate-regenerating system (Forscher & Oxford, 1985) were included in the internal solution:
100 /4M-GTP, 1-5 mM-MgATP, 5 mM-creatine phosphate and 20 U/ml creatine phosphokinase.
None of these ingredients was required for the maintenance of any component of the whole-cell
Ba2+ current. When nucleotides were included in the internal solution, the solution was kept on ice
to minimize possible hydrolysis and used for only 6 h at a time. The external solution contained
(in mM): 3, 10 or 30, calcium chloride or barium chloride; 120, 110 or 80 TEA chloride; 25, glucose
or sucrose; 20, CsCl; IO, HEPES; 0-5-1-0 ,IM-TTX; pH 7-3-7 35 with CsOH or TEA-OH. In some
early experiments, the concentration of TEA was reduced to 50 mm and 30 mM-Na was included;
this did not affect the amplitude nor the current-voltage relationships of the Ba2+ currents.
Osmolality of each solution was measured using a micro-osmometer (Precision Systems, Natick,
MA, USA) and was adjusted with sucrose to 305-320 mosmolal. We found that Ca2+ channels are
5-10 times less dense on F-11 cells than on rat DRG neurones, so 30 mM-Ba2+ was generally used
as the charge carrier. Under these conditions, peak Ba2+ currents up to 700 pA were recorded. The
junction potential between the caesium glutamate internal solution and the 30 mM-BaCl2 external
solution in which the pipette was zeroed was < 1 mV.
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Application of drugs
For local drug application to a cell, a perfusion pipette with a large tip opening (30-50 ,um) was
positioned close to the cell. The bath volume was 10-1 3 ml and 3 ml of solution could be flushed
through the system in about 1 min. As indicated by the disappearance of Na+ current when
perfused with a solution containing TTX or the block of Ba2+ current by Cd2+, exchange of the
solution near the cell studied began 8 s after solution change and was complete within 30 s. All
experiments were performed at room temperature (22-25 °C). Concentrated stock solutionis of
nimodipine (Miles Pharmaceuticals, New Haven, CT, USA) were prepared by dissolving the drug
in tissue culture-quality dimethylsulphoxide (DMSO). Bay K 8644 (Miles Pharmaceuticals) and
(+ )-(S)-202-791 (Sandoz Ltd, Basle, Switzerland) were prepared as stock solutions in ethanol. The
stock solutions of dihydropyridines were stored in the dark at 4 °C for up to 2 weeks. WVorking
solutions were prepared just prior to use by dilution of the stock with the external recording
solution and experiments were performed without room fluorescent lighting. Final concentrations
of DMSO were 0 01 %, except for 10 JtM-nimodipine which contained 0 l% DIMS0. Final
concentrations of ethanol were 0-1 %. Because the dihydropyridines are very hydrophobic, the
perfusion chamber, solution-changing apparatus and perfusion tubing were washed extensively
with 15-20 volume changes of ethanol between every cell. (wo-Conotoxin fraction GVITA (purchased
from Peninsula, Belmont, CA, USA or Peptide International, Louisville. KY, USA) was dissolved
just prior to use in external solution containing I mg/ml bovine serum albumin as a carrier. Some
cells were administered conotoxin by whole-bath perfusion with 10-1000 nM-toxin. Most cells were
administered conotoxin by a mini-perfusion system that was designed to give a moderately rapid.
local application of the drug. For the mini-perfusion system, a micropipette filled with lOm-
conotoxin was positioned as close as possible to the cell and a volume of about 5 ,ul of toxin was
delivered using a Gilmont syringe.
Curve fitting
All experimental data were fitted to the indicated equations by non-linear least s(uares
regression using both of the commercially available packages SYSTAT and PC-NONIAN.
SYSTAT uses a Quasi-Newton minimization method and PC-NONLIN uses a modification of the
Gauss-Newton method.
RESULTS
Separation of transient and sustained currents
Figure 1 shows a family of representative inward currents recorded under ionic
conditions that isolated whole-cell Ba2+ current through voltage-activated Ca2+
channels. The holding potential (Vh) was -80 mV and 200 ms step depolarizations
were made in + 10 mV increments from -40 to +20 mV (Fig. 1A). In 30 mM-Ba2 ,
the inward current first appeared at a membrane potential near -40 mV. The Ba2+
current rose to a peak within 20 ms and then decayed during the 200 ms
depolarization. Near -20 mV, a second component was activated that showed little
or no decay during a 200 ms depolarization. The sustained current was defined as
that current remaining at the end of the depolarization (Fig. 1B) and was measured
195 ms after the voltage step began. The transient current was defined as the
maximum inward current minus the sustained current (Fig. 1B) and thus represents
the current that inactivates during a 200 ms depolarization. The current-voltage
plots shown in Fig. 1C and D demonstrate that this separation procedure reveals
two distinct Ba2+ currents with different ranges of activation and different peaks.
The amplitude of the sustained current reached a maximum near +20 to + 30 mV
in 30 mM-Ba2+ (Fig. ID), whereas the transient current peaked near OmV. Neither
the transient nor the sustained current amplitude was increased by holding the cell
8-2
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at more hyperpolarized potentials, up to -110 mV. Thus, there was no evidence for
a low-threshold, T-type current based on activation threshold. Reducing the
concentration of external Ba2+ from 30 to 3 mm caused a -20 mV shift in the
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Fig. 1. Ba2+ currents in F-li cells. A, superimposed current traces evoked from a holding
potential of -80 mV for a cell bathed in 30 mM-Ba2A.The cell was depolarized in +10 mV
increments to potentials of-40 to +20 mV. (B) shows the procedure that was used
to define the transient and sustained currents. Sustained current was measured at 195 ins.
The current-voltage plots in C and D were constructed (same cell as in A) for the transient
and sustained currents in 3 (3)0 10 (-) or 30 (-) mM-BaS+. Ba2+ was present at 30 m
in all subsequent figures, except where specified.
screening of external surface charges. Both currents reversed at approximately the
same voltage, +50 to +60 mV in 30 mM-Ba2+. The separation procedure assumes
that the transient current is nearly fully inactivated by a 200 ms pulse and the
sustained current inactivates very little over this period. The following observations
suggest that these assumptions are met. Some F-il cells have only transient current
and this current completely inactivates by 195 ms when the membrane is depolarized
beyond -20 mV (see Figs 2A, 4A, 5A, 7B and 8). Conversely, some F-il cells have
mostly sustained current that decays little if at all during a 200 ms pulse (Figs 2B,
3A and 6A). The activation and inactivation voltage ranges (see below) are similar
to those found for inactivating and sustained Ba2+ currents in a variety of other cell
types.
As demonstrated in Fig. 20, the average maximum whole-cell Ba2+ current was
less than 300spA for both F-is cells fed with growth or differentiation medium
(compare 'maximum' open and hatched bars). Although the maximum Bai+ current
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did not vary greatly, the relative amount of transient or sustained current was
regulated by culture conditions. F-11 cells fed with a growth medium containing
15-20% serum had a Ba21 current which was predominantly the transient type (Fig.
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Fig. 2. Effect of culture conditions on expression of Ba2+ currents. In both A and B the
holding potential was -80 mV and + 10 mV voltage steps were from -30 to + 20 mV.
Current families are from a cell fed with growth medium (A) and another cell fed for 2 days
with differentiation medium (B). C, the maximum whole-cell Ba2+ current elicited in each
cell was measured in the two culture media. Transient and sustained currents were
measured at their respective peaks, usually 0 or + 20 mV. F-Il cells fed with growth
medium (open bars, mean + S.E.M., n = 66) had larger transient currents whereas cells fed
with differentiation medium for 1-3 days (hatched bars, n = 70) had nearly equal
transient and sustained currents. N18TG-2 cells, the neuroblastoma parent of the F-11
line (filled bars, n = 9) had very little voltage-dependent Ba2+ current.
Ba21 currents typical of approximately one-fourth of the population fed with growth
medium in which sustained current was negligible. Of sixty-six F-11 cells fed with
growth medium, sixteen had a maximum sustained current that was less than II %
of the maximum transient current. In contrast, F-11 cells fed for 1-3 days with a
differentiation medium containing low serum and additional growth factors had a
Ba2+ current composed of nearly equal transient and sustained currents (Fig. 2 C,
compare 'transient' and 'sustained' hatched bars). Figure 2B shows a family of Ba2+
currents typical of approximately one-fourth of the population fed with differ-
entiation medium (n = 70). About one-fourth of the cells fed with differentiation
medium had a maximum sustained current that was 72-450% of the maximum
transient current. Since we recorded from only the round, aneuritic cells in the F-Il
cell population, the increase in sustained current found in cells fed with differentiation
medium is probably not related to neurite growth per se. Although we do not know
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which factor(s) are responsible for the observed difference, this provides a unique
situation since we can culture F-Il cells that have mostly transient current or F-Il
cells with nearly equal transient and sustained currents. Recordings from F-Il cells
fed with growth medium and expressing primarily transient current (e.g. Figs 2A,
4A, 5A, 7B and 8) support the idea that the two types of currents are distinct
entities. rather than a single channel type exhibiting complex kinetics.
Under culture conditions which promote rapid division of the neuroblastoma
N18TG-2 cells, these parent cells of the F-il line had little or no voltage-activated
inward current in 30 mm-Ba2+ (Fig. 2 C; filled bars). The mean transient Ba2± current
for Ni8TG-2 cells was 19 + 6 pA (at 0 mV, n = 9) and the mean sustained current was
6 + 3 pA (at + 20 mV, n = 9). In contrast, rat DRG neurones, the other parent of the
F-Il line, had 1-5 nA of whole-cell Ba2+ (3 mM) current after 1-4 days in culture
(n = 13). Ba2+ currents in F-Il cells are also blocked by bradykinin (Boland, Allen &
Dingledine, 1989) and opioid peptides (Boland & Dingledine, 1988), similar to the
situation in t)RG neurones (Gross & MacDonald, 1987; Ewald, Pang, Sternweis &
Miller, 1989). Therefore, the Ba2+ currents in F-1 cells have properties expected of
DRCG neurones.
Pharmacology
Since the amplitudes of transient and sustained Ba2+ currents were regulated by
culture conditions, we studied the pharmacological properties of these currents using
F-1I cells fed with growth medium to emphasize transient current or differentiation
medium to enhance sustained current. Data for all the blockers against transient
current were obtained from F-il cells with virtually no sustained current. Except
where noted, F-Il cells were voltage clamped at -80 mV and depolarized to 0 mV
to elicit maximum transient current or +20 mV to elicit maximum sustained
current.
&o-Conotoxin
(o-Conotoxin fraction GVIA is reported to irreversibly block some N-type currents
(Kasai, Aosaki & Fukada, 1987; McCleskey, Fox, Feldman, Cruz, Olivera, Tsien &
Yoshikami, 1987; Plummer, Logothetis & Hess, 1989) but its action on T-type and
L-type currents are controversial (Kasai et al. 1987; McCleskey et al. 1987; Plummer
et al. 1989). Brief application of a high concentration (10 ,tM) of a-conotoxin fraction
GCVIA produced a rapid, long-lasting block of part of the Ba2+ current in F-II cells
(Fig. 3A and B). ao-Conotoxin blocked 27 + 8% of transient and 81+ 3% of sustained
current in F-II cells (n = 13). An example of the maximum block of the transient
current in one cell and the typical block of sustained current in another cell are shown
in Fig. 3A. This block was not reversible (Fig. 3B), even when the cell was perfused
with normal bath solution for up to 30 min (n = 4). There was no apparent shift in
the current-voltage relationship of the transient or sustained Ba2+ currents during
or after perfusion with w-conotoxin (Fig. 3C and D).
Cadmium and nickel
There are a number of reports of different sensitivities of inactivating and non-
inactivating Ca2+ or Ba2+ currents to block by Cd2+ or Ni2+ (Nowycky et al. 1985; Fox
et al. 1987a, b; Narahashi, Tsunoo & Yoshii, 1987; Simasko, Weiland & Oswald,
1988; Huang, 1989). In general, L-type currents are thought to be more sensitive to
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Cd2" and less sensitive to Ni2+ than T-type currents, but detailed studies are few.
Brief perfusion of F-I1 cells with external solution containing 100 nm- to 1 mm-CdCl2
or NiCl2 blocked both transient and sustained Ba21 currents (Figs 4A, 5A and 6A).
Block by Cd21 or Ni2+ was reversible for up to 100 aM divalent but higher
concentrations or applications longer than about 2 min were toxic to the cells as
judged by a sudden increase in the leakage current. To determine the relative
sensitivities of these currents to block by divalents, we fitted the cumulative
dose-response data using non-linear least squares regression to a one-term logistic
equation (eqn (1)) or a two-term logistic equation (eqn (2)).
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Fig. 3. w-Conotoxin (CTX) partially blocks transient and sustained Baa2+ currents. A,
demonstration of the irreversible block by CTX in one F-11 cell with virtually all
transient current (depolarized to 0 mV) and another with mostly sustained current
(+ 20 mV). The holding potential was -80 mV in both cells. The transient current actually
decreased during the wash period in this cell (traces shown were taken 5 min after the
wash began). The 'wash' trace for the sustained current was taken 6 min after the wash
began. B, the time course of CTX block for the two cells shown in A (@, transient; A,
sustained). Toxin (10 /LM) was applied by a pressure ejector at time 0 min and the cell was
then perfused with control solution ('wash') at the indicated times; the first arrow
corresponds to the sustained current wash. C and D are current-voltage curves for CTX
block on the cells shown in A (0, control; 0, CTX; A, wash).
I/Imax = (1/(1 + (conc/IC50)')), (1)
I/Imax = (max,/(I + (cone/IC50, l )fl)) + ((1 - max,)/(I + (cone/IC50, 2)12)). (2)
In the equations above, I is the current amplitude in the presence of Cd2+ or Ni2+,
Imax is the maximum current in the absence of blocker, conc is the test concentration
of Cd21 or Ni2+, IC50 is the concentration of Cd21 or Ni2+ that blocks 50% of the
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control Ba2+ current, and n is the slope factor. In eqn (2), max, is the fraction of sites
having IC50 1, and (1-max,) is the fraction of sites having IC50,2.
Block of transient Ba2+ current by Cd2+ or Ni2+ was examined on F-It cells having
primarily transient current and little, if any, sustained current (Figs 4A and 5A).
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Fig. 4. Two-component block of transient current by Cd2+. A shows current traces before
and during maximum block by 1, 10 or 100 /uM-Cd2 . In each pair of traces, the control
record is always the larger of the two. The holding potential was -80 mV and Ba2+
current was elicited by 200 ms depolarizations to 0 mV. B, dose-response data for Cd2+
block of transient current were obtained from F-Il cells fed with growth medium to
emphasize the transient current. Current amplitude in the presence of Cd2+ was
normalized to the control amplitude in the absence of Cd2+ (Imax). Each data point is the
mean + S.E.M. for four to fourteen cells. The dose-response data were better fitted (f test,
P < 0 005) by a two-term logistic equation with both Cd2+ binding sites having
n = 10 (continuous curve) than the best fit for a one-site model with n = 0-61 and IC50 =
39 M/m (dashed curve). Equations are described in the text. A major component of the
transient current had an IC50 for Cd2+ block of 82 flM and a minor component had an IC50
of 0-28 Mm. C, current-voltage curves for Cd2+ block of the transient, current on the cell
shown inA (0. control; *, 1 flm; A, 10,UM; M, 100,UM).
Full dose-response curves were constructed for both blockers and are presented in
Figs 4B and 5B. Each data point is the mean + S.E.M. of at least four cells in which
the transient current amplitude in the presence of blocker was normalized to the
control current amplitude in the absence of blocker. All dose-response curves fitted
with the one-site model (eqn (1)), for both transient and sustained currents, require(d
a slope factor less than 10 suggesting that the block by Cd2+ or Ni2+ was more
complex than a simple bimolecular interaction between blocking ion and one
blocking site. Indeed, the dose-response data for Cd2+ block of the transient current
were fitted better by the two-site model with n, = n2 = 10 (Fig. 4B; continuous
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curve) than the one-site model with n = 0-61 (Fig. 4B; dashed curve). Fits using
these models were significantly different at P < 0-005 (f test; Motulsky & Ransnas,
1987). Dose-response analyses, therefore, used the two-term logistic equation (eqn
(2)) with both sites having a Hill coefficient (n) of 10 to fit the data for block of
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Fig. 5. Two-component block of transient current by Ni2+. A shows current traces before
and during perfusion with 1, 10 or 100 sM-Ni2+. In each pair of traces, the control
record is always the larger of the two. Membrane potential was held at -80 mV and Ba2+
current was elicited by 200 ms depolarization to 0 mV. B, dose-response data for Ni2+
block of transient current was obtained from F-11 cells fed with growth medium to
emphasize the transient current. Each data point is the mean + S.E.M. for nine to
seventeen cells. The continuous curve through the data points is a least squares fit of the
data to a two-term logistic equation with both sites having n = 1.0. A major component
of the transient current had an IC50 of 64 ,UM and a minor component had an IC50 of 1 1 ,M.
C, current-voltage curves for Ni2+ block on the cell shown in A (0, control; 0, 1 ,M;
A, 30O#M; *, 100 Mm).
transient and sustained Ba2+ currents by Cd2+ or Ni2+ (Figs 4B, 5B and 6B). Cd2+ was
about 10-fold more potent than Ni2+ in blocking the major fraction of the sustained
current (Fig. 6B) but equipotent with Ni2+ as a transient current blocker (compare
Figs 4B and 5B).
Since the unblocking rate of Cd2+ on single L-type Ca2+ channels is voltage
dependent over the range of 0 to +20mV (Lansman, Hess & Tsien, 1986), we
attempted to determine if the potencies of divalent block of transient and sustained
Ba2+ currents were influenced by voltage. Dose-response curves for Cd2+ block of the
transient Ba2+ current were not different for test depolarizations to 0 mV or + 20 mV.
In addition, suppression of transient or sustained Ba2+ current by Cd2+ or Ni2+
was not accompanied by a change in the activation threshold of the currents or a
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shift in the voltage dependence of activation (Figs 4C, 5C, 6C and D). Thus, a small
reduction in the unblocking rate for Cd21 in the 0-20 mV range (Lansman et al. 1986)
would not significantly affect the potency measurements reported here.
A Cd Ni
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Fig. 6. Block of sustained current by Cd2+ and Ni2+. A, Ba2+ currents in two different cells
were elicited by 200 ms depolarizations to + 20 mV from holding potentials of -80 mV.
Brief exposure to either Cd2+ or Ni2+ blocked the sustained Ba2+ current but Cd2+ was
more potent than Ni2+. B, dose-response data for divalent block of the sustained Ba2+
current were obtained from F-11 cells fed for 1-3 days with differentiation medium to
enhance the sustained current. Each data point is the mean+S.E.M. for four to ten cells
for Cd2+ block (-) or four to fourteen cells for Ni2+ block (0). The continuous curves are
the least squares fit of the data to a two-term logistic equation with both sites having Hill
slopes (n) = 1 0. For block by Cd2 , one component had an IC50 of 16 /tM and the second
component had an IC50 of 0-16 pM. For block by Ni2+, the major component had an IC50
of 32 /M and the minor component had an IC50 of 0 30 /lM. The current-voltage curves
shown in C and D are from the cells shown in A under control conditions and during
perfusion with Cd2+ or Ni2+. C: 0, control; *, 0-2 ,m; A, 2 pM; E, 20 ,M. D: 0, control;
*, 1 pM; A, 30uMm; *, 100pM.
Dihydropyridines
The dihydropyridines are considered to be selective modulators of L-type Ca2+
channels in a number of different cell types, including neurones (Hess, Lansman &
Tsien, 1984; Cohen & McCarthy, 1987; Rane et al. 1987; Hirning et al. 1988). The
agonists Bay K 8644 (2 /tM) and the pure enantiomer (+)-(S)-202-791 (2 /tM) both
potentiated the sustained Ba21 current in F-11 cells. At a holding potential of
-70 mV, the maximum sustained current was increased by 227 + 28 %0 (n = 8)
whereas the maximum transient current was not changed (96 + 9 % of control. n = 7).
The antagonist nimodipine produced a potent voltage-dependent block of the
sustained current in F-11 cells (Fig. 7C and D). Experiments with nimodipine were
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performed on cells fed with differentiation medium for 1-3 days to enhance the
amplitude of the sustained current. The concentration of nimodipine that inhibited
50% of the sustained Ba2" current when F-tI cells were held at -80 mV wvas about
2 M. WVhen the holding potential was reduced to -40 mV, the IC50 was reced to
about 3 nm and sustained current was eliminated by 100 nM-nimodipine (Fig. 7 (I). Of
interest was the finding that nimodipine also produced a lower affinity, voltage-
dependent block of the transient Ba2+ current in F- Il cells (Fig. 7A anid B). Although
nimodipine was ineffective at -80 mV until very high concentrations were used
(10 uM), at a holding potential of -40 mV, which inactivated about 70% of the
transient current (see Fig. IOC), nimodipine blocked the remaining transient current
with an IC50 of 300 nm. The effects of nimodipine washed out slowly if at all, in
contrast to the inorganic blockers that rapidly reversed after brief exposure. The
inability to return to pre-nimodipine Ba2+ current levels is probably due to the high
lipid solubility of this drug and thus, its accumulation in the membrane (Weiland &
Oswald, 1985).
Use of the logistic equation to fit these dose-response curves assumes that the
whole-cell current measured during the application of Cd2+ or Ni2+ is a direct function
of the number of channels that are blocked and that Cd2+ and Ni2+ do not affect other
processes such as the rates of closing or inactivation of the channels. We attempted
to determine if block of a fraction of the transient or sustained current by any of
these blockers would reveal multiple kinetic subeomponents of each current type.
When transient current traces during the application of wo-conotoxin, Cd2+, Ni2+ or
nimodipine were scaled up to match the peak of the control trace, there were no
marked changes in the time-to-peak nor the rate of decay of the transient current
(Fig. 8). The effect of each blocker was simply to reduce the amplitude of the
transient Ba2+ current. Similarly, inhibition of sustained current by w0-conotoxin
(Fig. 3A), divalent blockers (Fig. 6A) or nimodipine (Fig. 7D) did not markedly alter
the kinetics of the sustained current as indicated by the similar time courses of
current traces in the absence or presence of blocking drug. Together with the lack of
a voltage shift in the current-voltage relationships in the presence of o-conotoxin
(Fig. 3C and D) or divalent blockers (Fig. 4C, 5C, 6C and D), these data suggest that
w-conotoxin, Cd2+ and Ni2+ reveal multiple transient and sustained currents that
may be very similar kinetically. Therefore, we attempted to further dissect each
current type on the basis of relative amplitudes, time course in Ba2+ and Ca2+, and
activation and inactivation parameters.
Dependence of current amplitudes on permeant ion
T-type currents are reported to be either the same amplitude in Ca2+ and Ba2+ or
enhanced in Ca2+ (for review see Bean, 1989). Therefore, if T-type Ca2+ channels
comprise all or the majority of the transient current in F-11 cells, it might be
expected that Ba2+ would carry the same amount or less transient current than Ca2+.
In F-Il cells, however, both the transient and sustained whole-cell currents through
voltage-activated Ca2+ channels had greater amplitudes in Ba2+ than in Ca2+ (Fig. 9A
and C). The transient current was increased 156+ 8 % when changing from 30 mm-
Ca2+ to 30 mM-Ba21 (n = 9) and 153+7 % when changing from 3 mM-Ca2+ to 30 mm-
Ca2+ (n = 4). The sustained current was more sensitive to the charge carrier, being
363 + 68% larger in 30 mM-Ba2+ than 30 mm-Ca2+ (n = 7). The sustained current was
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Fig. 7. Different sensitivities of the two Ba2+ currents to the dihydropyridine antagonist
nimodipine. A, dose-response data for nimodipine block obtained from F- lI cells fed with
growth medium and having primarily a transient Ba2+ current. Block was measured
during depolarizations to 0 mV from a holding potential (Vh) of -80 (U), -50 (A) or
-40 mV (0). Data points represent the mean_ S.E.M. for three to eight cells. At -40
mV. a holding potential at which 70% of the transient current is inactivated (see Fig.
10) the IC50 for nimodipine block was about 300 nm. Imax is the current amplitude in
control perfusions of DMSO. The lowest concentration of DMSO (001 %) produced an
inhibition of 4+4% (n = 8) of the sustained current and the highest concentration used
(0 1 % for 10 /tM-nimodipine) blocked 20+ 14% (n = 6). All current measurements in the
presence of nimodipine were taken after perfusing with the appropriate concentration of
DMSO. B, sample current traces from an F- II cell having primarily a transient current
during voltage steps from -50 to 0 mV. The traces were taken under control conditions
(DMSO only) and with 1 ,uM-nimodipine. C, dose-response data for nimodipine block
obtained from cells fed with differentiation medium for 1-3 days to enhance the sustained
current. Block was measured during a depolarization to +20 mV from Vh -80 (-) or
-40 mV (0). Data points represent the mean+s.E.M. for four to seven cells. At -40 mV.
a holding potential at which 35% of the sustained current is inactivated (see Fig. 10C),
the IC50 for nimodipine block was about 3 nM. D, sample current traces from an F-i 1 cell
having a large sustained current during voltage steps from -40 to +20 mV. Traces were
taken under control conditions (DMSO only) and in the presence of 1 nM-nimodipine.
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Fig. 8. Blockers do not influence transient current kinetics. Application of cadmium (A),
nickel (B). nimodipine (C) and wo-conotoxin (D) did not alter the time-to-peak nor the
decay rate of the transient Ba2+ current in F-11 cells. Sample current traces during
application of each blocker were sealed up to the same peak amplitude as the
corresponding control trace. For each blocker, the percentage block is given and the
current trace taken during maximum block at the indicated concentration is marked with
an arrow. In each case, 200 ms test depolarizations to 0 mV from a holding potential of
-80 mV were applied. Each pair of traces is from a different cell.
only moderately increased (125 + 17%, n = 4) in 30 mM-Ca2+ compared to 3 or 10
mM-Ca2+. Transient and sustained currents had similar kinetics (Fig. 9A and C) and
current-voltage relationships (Fig. 9B and D) regardless of whether 30 mM-Ca21 or
Ba2± was the charge carrier. The amplitude of the sustained current appeared to be
more stable with Ba2+ than Ca2+. For example, a 3 min perfusion with 30 mM-Ca2+
caused the sustained Ba2+ current to decrease by 25% relative to its initial amplitude
in 30 nM-Ba2+ but had no effect on the amplitude of the transient current (n = 2).
A simple explanation for the increased current with external Ba2+ is that both
transient and sustained Ca2+ channels are more permeable to Ba2± than to Ca2±. We
cannot, however, rule out an alternative possibility that either or both types of
current are due to ionic fluxes through more than one type of channel with different
selectivities for divalent cations. For instance, it is possible that the transient current
is due to one channel type with high Ba21 permeability and a second type with nearly
equal permeabilities to Ca2+ and Ba2+. Under this condition, changing from external
Ca2± to equimolar external Ba2+ would increase the whole-cell current in accord with
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our findings. A more complete analysis of the permeation properties of these channels
would require single-channel recordings and evaluation of a permeability sequence.
Gating properties
The evidence that multiple pharmacological components of both the transient and
sustained Ba2+ currents cannot be distinguished kinetically is presented in Fig. 8 and
the experiments reported below.
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Fig. 9. Relative amplitudes of currents in external Ca2+ or Ba2+. A. sample whole-cell
currents in 30 mx-Caa2+ or Ba2+ elicited during test depolarizations to 0 mV from a holding
potential of -80 mV. B, current-voltage curves for transient Ca2+ and Ba2+ currents. C,
sample whole-cell currents in 30 nM-Ca2+ or Ba2+ during depolarizations to + 20 mV from
a holdinig potential of -80 mV. 1), current-voltage curves for sustained Ca2+ and Ba2+
currents. A-D are from the same cell.
Inactivation
Similar to Ca2" currents in other cells, the transient and sustained Ba2" currents
in F-11 cells have markedly different inactivation parameters. The transient Ba2+
current was inactivated at a more negative holding potential than the sustained
current (Fig. lOA, B and C). By analogy with the steady-state inactivation of Na+
channels (Hodgkin & Huxley, 1952), data for the voltage dependence of inactivation
were fitted to the equation:
(3)
where I is the current amplitude following the pre-pulse, 'max is the current
amplitude without a pre-pulse, V is the pre-pulse (Vp) or holding potential (Vh), V4 is

















MULTIPLE Ba2+ CURRENTS IN A DRG CELL LINE
k is a slope factor. From a holding potential of -80 mV, 300 ms pre-pulses to
variable membrane potentials (Va) were applied (Fig. IOA and B). For each cell, a test
potential was chosen to observe a maximal transient (0 mV) or sustained current
(+20 mV) wvith minimal contamination by the other current. The curves are least
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Fig. 10. V'oltage dependence of activation and inactivation. A. sample current traces from
ain F-lI cell usinig the protocol shown in the inset of B. Ba2+ current was elicited at + 10
m\= from a 300 ms pre-pulse (Vp) of -80 mV (larger current record) or -20 mV (smaller
current record). B. iniactivation data from cells held at -80 mV. depolarized for 300 ms
to the pre-pulse potential (Vp) and then depolarized for 200 ms to the test potential that
elicited the maximum tranisient (0 to + 10 mV) or maximum sustained current (+20 to
+ 30 mn). Current amplitudes were normalized to the maximum transient or sustained
current (Imax) measured with a pre-pulse of -80 mV. Each data point is the mean+ S.E.M.
for five cells. The continuous curve through the data points is the least squares fit to the
Hodgkin-Huxley equation: I/Imax = 1/(t +exp (V-V/k) where V = V, V = -30 mV
and k = 7 0 mV for the transient current. C, inactivation data obtained when the holding
potential (Vh) was changed for several seconds. For the transient current, 1 = -34 mV
and k = 6-8 mV; for the sustained current, V = -47 mV and k = 15 mV. Each point is the
mean + S.E.M. for three to sixteen cells. b), activation curves for the transient and
sustained Baa2+ currents. Test potentials (V/) of 200 ms were applied from holding
potentials of -70 to -90 mV. Current amplitudes were normalized to the maximum
transient or sustained current for each cell. Each point is the mean+S.E.M. for four to
seventy-seven cells. The continuous curve is the least squares fit to the Hodgkin-Huxley
equation with 14 = - 17 mV, k = 5-8 mV for the transient current and VI = + 7-6 mV,
k = 8-5 mV for thie sustained current.
squares fits of the data to eqn (3). The steady-state inactivation curves in Fig. lOB
show that the threshold for development of inactivation of the transient current was
about -60 mV and inactivation became complete at potentials more positive than
-10 mV. The half-inactivation potential for the transient current (V) was -30 mV.
L'sing a 300 ms pre-pulse shown in Fig. lOB, the sustained current was only slightly
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inactivated. XVhen the holding potential was changed for several seconds, however,
the sustained current inactivated with a half-inactivation potential of -34 mV and
a slope factor of 15 mV (Fig. 1OC). Under these conditions, the inactivation curve for
the transient current was shifted - 17 mV compared with the 300 ms pre-pulse
indicating that inactivation of the transient current is also time dependent. Using a
pre-pulse of several seconds. however, did not reveal an additional kinetic component
of the transient current since the slope of the inactivation curve was essentially the
same (6'8 mV) as the slope of the curve generated by using a 300 ms pre-pulse
(7 0 mV).
Time course of inactivation
The time course of inactivation of the transient Ba2" current was affected by test
potential. The transient current decayed more rapidly with depolarizations to more
positive test potentials. The time constant for decay (T) at 0 mV ranged from 32 to
55 ms. For fourteen cells having primarily transient current, T at 0 mV was 43 + 2 ms
(mean + S.E.M.). This value is intermediate of that reported for T-type (5-50 ms) and
N-type (50-80 ms) currents in chick DRG neurones (Nowycky et al. 1985; Fox et al.
1987 b) but much less than that reported for N-type current (500-800 ms) in
sympathetic neurones (Hirning et al. 1988; Plummer et al. 1989). The transient
current in F-II cells decayed as a single exponential over a range of membrane
potentials from -30 to + 10 mV which is further evidence that, kinetically, the
channels that contribute to the transient current behave as a single population. Tail
currents were generally too small and too brief to be reliably measured.
Steady-state activation. Current-voltage relations for the peak amplitudes of both
the transient and the sustained Ba2+ currents are illustrated in Fig. lOD. For both
currents, curves through the points are the least squares fit of the data to an equation
of the same form as eqn (3) where V is the test potential (1t). These results indicate
that the steady-state activation curves for the two currents are similar in shape but
differ by 25 mV in mid-activation potential. The slope factors were also different
between the two currents. 58 mV for the transient current and 85 mV for the
sustained current. The activation curves for the transient current were not different
for F-Il cells having only a transient current and those having both transient and
sustained currents.
DISCUSSION
Multiple types of transient and sustained currents
Transient and sustained Ba2+ currents in F- Il cells have different ranges of
activation and inactivation, and can be expressed independently. Taken together,
these results provide strong evidence that, as in many other cell types, at least two
different kinds of Ca2+ channel are expressed bv the hvbrid F-Il cells. The most
important finding of this study was that block by wo-conotoxin, Cd2+ and Ni2+
distinguish at least two components of both the transient and the sustained Ba2+
currents, even though these components could not be separated kinetically. The
dose-response curves for divalent blockers could not be adequately fitted by an
equation describing a simple, bimolecular interaction at a single binding site.
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The most likely interpretation of our data is that each current is composed of more
than one type of channel, each of which has one or more binding sites for the divalent
blocking ion. The strongest evidence for this hypothesis is that (o-conotoxin
irreversiblv blocks only a portion of both transient and sustained currents.
Alternatively, the multiple blocking affinities for Cd2' and Ni2+ demonstrated here
may represent binding to different sites in individual channels, which are known to
be multi-ion pores (Almers & McCleskev, 1984; Hess & Tsien, 1984; Hess, Lansman
& Tsien, 1986; Rosenberg, Hess & Tsien, 1988). To account for the results under this
scheme. one would have to postulate that binding of a divalent blocker to the high-
affinity site only reduces Ba2+ influx whereas binding to both sites can abolish Ba21
currents. This scheme is inconsistent with present evidence that the L-type Ca2±
channel is a single-file pore (see Tsien, Hess, McCleskey & Rosenberg, 1987), but
dose-response curves for divalent block of single Ca2+ channels are required to
resolve this issue (cf. Rosenberg et al. 1988). A third possibility is that the two-
component block reflects different affinities of the blocker for main and minor
conductance states of the same channel. This possibility cannot be ruled out by ouw
data, but would require that a substantial fraction (20-50 %) of both the transien
and sustained Ba2+ currents be carried bv a minor conductance state.
Current through Ca2+ channels that contribute to the transient Ba2+ current i-
F-1I cells has many of the properties attributed to the N-type or high-voltag.
inactivating Ca2+ channels in DRG and sympathetic neurones and PC12 cell,-
(Nowycky et al. 1985; Fox et al. 1987a. b; Hirning et al. 1988, Plummer et al. 1989).
First, the transient Ba2+ current in F-II cells activates at a high threshold, exhibits
time- and voltage-dependent inactivation and some of it is blocked by w0-conotoxin.
Second, the time constant of decay of the transient Ba2+ current in F-II cells is
compatible with N-type currents, as determined in single-channel studies (Nowycky
et al. 1985; Fox et al. 1987a, Kostyuk et al. 1988; Plummer et al. 1989). Third, Ni2+
and Cd2+ were nearly equipotent blockers of the transient Ba2+ current, and Ca2+ did
not carry more transient current than Ba2+. These findings are unexpected if T-type
Ca2+ channels (Fox et al. 1987 a, b) have a major contribution to the transient current
in F-1I cells.
Although our data cannot rule out the possible contribution of one or more T-type
currents to the transient current in F- Il cells. we found no clear evidence for a third
kinetic component in these cells. The transient current that remained after block by
Cd2+. Ni2+, ao-conotoxin or nimodipine did not differ in time-to-peak or time course
of decay when compared with the total transient current before exposure to the
blocker. Changing the holding potential to hyperpolarized levels (up to -110 mV)
did not reveal additional current components in either external Ca2+ or Ba2+
solutions. The slope factor for inactivation of the transient current was the same with
a 300 ms or several seconds pre-pulse, providing further evidence for a single kinetic
transient current. Finally, in apparent contrast to the findings in DRG neurones
(Fox et al. 1987 a, b), no component of the whole-cell Ba2+ current in F-Il cells was
more potently blocked by Ni2+ than by Cd2+. If a T-type current is present in these
cells at all it must either be verv small or the activation and inactivation ranges of
the T-type and N-type channels must be very similar and thus merge in the whole-
cell recordings.
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Current through Ca2+ channels that underlie the sustained Ba2+ current in F-Il
cells has manv of the properties attributed to the L-type or high-voltage non-
inactivating Ca2l channels in other cell types. including DRG (Nowycky et al. 1985;
Fox et al. 1987a. b: Kostvuk et al. 1988). For example, the L-type current in F-lI
cells activates at a high threshold. inactivates slowly. is enhanced byT dihydropyridine
agonists. can be completely blocked by in a voltage-dependent manner by a
dihydropyridine antagonist. and the majoritv is very sensitive to block bv Cd2+.
Indeed, Cd2+ was a more potent blocker than Ni2+ against the major fraction of the
sustained current. as found in DRG neurones (Fox et al. 1987 b).
The reported actions of (o-conotoxin on neuronal Ca2+ channels are diverse. In
chick DRG neurones, one group reported that virtually all of the N-type and L-type
Caa2+ currents are irreversibly blocked (Fox et al. 1987b; McCleskey et al. 1987) while
a second group reported complete and irreversible block of N-type current but
partial and reversible block of L-type current (Kasai et al. 1987). In PC12 cells and
sympathetic neurones. Plummer and colleagues (1989) report that w0-conotoxin
irreversiblv blocks one component of N-tvpe current. Wre found that both transient
and sustainied Ba2+ currents in F-11 cells have conotoxin-sensitive and -insensitive
components. The majority of the transient current is not blocked by (w-conotoxin
while a minor component is blocked irreversibly. The incomplete block by a-
conotoxin of the transient Ba2+ current in F-tl cells is similar to the situation
described for N-type currents in PC12 and sympathetic neurones (Plummer et al.
1989) but differs from that reported for chick DRG neurones (McCleskey et al. 1987).
Wre also found that the majoritv of the sustained or L-tvpe current in F-II cells is
blocked irreversiblv bv (o-conotoxin. This finding is reminiscent of that reported for
the incomplete block of L-tvpe currents in chick DRG neurones (Kasai et al. 1987);
in contrast. in the presence of a dihydropvridine agonist. (t)-conotoxin does not block
L-type tail current in PC12 cells and sympathetic neurones (Plummer et al. 1989).
Our data are consistent with the idea that (o-conotoxin is selective for a subset of
both N-type and L-tvpe Ca21 channels in F- Il cells.
lInplications for calciumt chan nel dire rsity
Recent data describing the features of different types of Ca2+ current and channel
are (onsistent with a more complex classification of Ca2+ channels than the three-
channiel scheme originally described in chick DRG neurones (Nowyckv et al. 1985).
Although inactiv-ating and long-lasting types of Ca2+ current have been described in
a variety of excitable cells (Bean, 1989), it is important to note that both components
display a number of tissue-specifie properties. For example. a fraetion of the Caa2+
current in neurones, but not in cardiac, skeletal or smooth muscle, is blocked by (0-
conotoxiin (AcCleskey et al. 1987), the transient current generally activates at more
negative potentials in neurones than in cardiac. skeletal or smooth muscle (see Bean,
1989). and(i the long-lasting current in neurones is less sensitive to dihydropyri(dines
than the long-lasting current in muscle (see Miller, 1987). Other compounds not used
in the )resent study also reveal tissue-specific properties of Ca2+ channels. Diltiazem
is a more potent blocker of cardiac L-tvpe Ca2+ channels (Lee & Tsien. 1983) than
those in skeletal muscle (Almers & MeCleskev. 1984) and both Mg2+ and
diaminiobutane perineate Caa2+ channels in skeletal (McCleskey & Almers. 1985) but
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not cardiac muscle (Hess et al. 1986). Thus. pharmacological evidence indicates that
the main current types express tissue-specific properties and it is likely from our data
that multiple components of the inactivating and sustained Ca2+ channel types co-
exist in individual cells. It wvill be important to verify this suggestion by quantitative
pharmacological studies in other cell types.
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